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A diffusion wake model for tracer ultrastructure-permeability studies in microvessels. Am. J. Physiol. 269 (Heart Circ. Physiol. 38): H2124-H2140,1995.-We developed a time-dependent diffusion model for analyzing the concentration profiles of lowmolecular-weight tracers in the interendothelial clefts of the capillary wall that takes into account the three-dimensional time-dependent filling of the surrounding tissue space. The model provides a connecting link between two methods to investigate transvascular exchange: electron-microscopic experiments to study the time-dependent wake formed by lowmolecular-weight tracers (such as lanthanum nitrate) on the tissue side of the junction strand discontinuities in the interendothelial cleft of frog mesentery capillaries (R. H. Adamson and C. C. Michel. J. PhysioZ. Lond. 466: 303-327, 1993 ) and confocal-microscopic experiments to measure the spread of low-molecular-weight fluorescent tracers in the tissue space surrounding these microvessels (R. H. Adamson, J. F. Lenz, and F. E. Curry. Microcircutation 1: [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] [261] [262] [263] [264] [265] 1994) . We show that the interpretation of the presence of tracer as an all-ornone indication of a pathway across the junctional strand is likely to be incorrect for small solutes. Large-pore pathways, in which the local tracer flux densities are high, reach a threshold concentration for detection and are likely to be detected after relatively short perfusion times, whereas distributed smallpore pathways may not be detected until the tissue concentrations surrounding the entire vessel approach threshold concentrations.
The analysis using this approach supports the hypothesis advanced by Fu et al. (J. Biomech. Eng. 116: 502-513, 1994 ) that the principal pathways for water and solutes of < 1.0 nm diameter across the interendothelial cleft may be different and suggests new experiments to test this hypothesis. interendothelial cleft; capillary junction-pore-matrix model; model for capillary confocal microscopy VASCULAR ENDOTHELIUM is the principal barrier to, and regulator of, material exchange between circulating blood and the body tissues. The interendothelial cleft is widely believed to be the principal pathway for water and hydrophilic solute transport through the capillary wall. Direct and indirect evidence (summarized in Refs. 14 and 20) indicates that there are junctional strands with discontinuous leakages and fiber matrix components at the endothelial surface and in the wide portion of the intercellular cleft. This evidence is the basis for the pore, restricted slit, and fiber matrix theories (summarized in Refs. 10, 11, and 16). The detailed threedimensional analysis of Weinbaum et al. (20) indicates that neither pore, nor restricted slit, nor fiber matrix theory can by itself successfully explain the large body of experimental measurements for the filtration, permeability, and selectivity coefficients in isolated capillaries.
Adamson and Michel (6), in their serial-section electron-microscopic studies of frog mesentery, observed infrequent large breaks typically 150 nm wide and the same gap height as the wide part of the cleft. In contrast to existing views that as much as 80% of the cleft might be open to the passage of water and small ions in frog mesentery (8), these serial-section studies indicated that only -6% of the junction strand length was discontinuous. After tilting the plane of sectioning, these investigators also observed an -2-nm-wide translucent narrow slit that ran along the length of the junctional strand. The patency of this narrow slit is unknown and will be explored in our model. These new experimental results have led Fu et al. (14) to propose a major modification of the three-dimensional model described by Weinbaum et al. (20) . The latter model includes large-orifice-like junctional breaks, a finite region of fiber matrix components at the entrance of the cleft and at the endothelial surface, and very small pores or slits in the continuous part of the strand.
The results of the three-dimensional model of Fu et al. (14) strongly suggest that the permeability of small solutes of < 1-nm diameter cannot be accounted for by the widely spaced 150-nm breaks that have been observed by Adamson and Michel (6) and that another, previously undetected, family of pores for small solutes very likely exists in parallel with these large interruptions and could account for as much as two-thirds of the small-solute flux in frog mesentery. It was also predicted that water and small ions followed significantly different pathways, with water passing through the large breaks because of their much smaller hydraulic resistance. A fundamental assumption of Fu et al. and all previous models of capillary interendothelial clefts is that the HZ125 tissue can be treated as an infinite reservoir with an effectively vanishing solute concentration at the cleft exit. Predictions of capillary permeability are thus based on the simplifying assumption that the transendothelial driving force for solute diffusion is constant over the time course of an experiment.
A fundamental difficulty in reconciling these different views is that the details of the structural features delineating the narrow regions of the junctions lie beyond the resolution of the electron microscope. In this study, instead of analyzing the junctional strand pores directly, we have attempted to analyze the diffusive wake formed by the spreading of low-molecular-weight tracers on the downstream side of the junction strand discontinuities and the three-dimensional wake in the tissue space surrounding the cleft exit. Whereas the pores in the junction strand are difficult to visualize, the tracer wake in the cleft and in the surrounding tissue space can be observed experimentally and the predictions of the model can be compared with experiments.
As noted above, recent serial-section studies in which lanthanum was used as tracer for short periods of perfusion (lo-15 s) demonstrate that only -6% of the junction length is labeled to the abluminal border of the cleft (6). In sharp contrast, earlier experiments (7), using lanthanum tracer in frog mesentery and random sections, revealed that nearly one-half of all sections labeled to the tissue border. This observation is more consistent with the preliminary studies by Dr. Roger Adamson in our laboratory, who observed that, after 60 s of perfusion, lanthanum filled -50% of the sections to the tissue border.
This marked difference in behavior indicates that the interpretation of tracer studies depends strongly on the experimental design and that time and the lateral spread of tracer on the tissue side of the junction strand (shape of diff usive wake) must be considered. Furthermore the downstream boundary condition at the cleft exit, which is the principal determinant of the apparent depth of penetration of a lanthanum wake, depends on the time-dependent filling of the tissue space and the local concentration and its gradient at the cleft exit. On the basis of the model of Fu et al. (14) , one anticipates that regions of the cleft exit near the large 150-nm breaks might label much more rapidly because of the high localized flux density but that as the overall tissue concentration at the vessel wall rises, all clefts will be labeled. The modeling in this study provides the basis for the interpretation of these time-dependent tracer wake experiments.
A significant advance in understanding the role of the tissue space in these tracer experiments is the development of a new experimental technique using the confocal microscope, where detailed time-dependent tissue concentrations can be measured for the first time in planes perpendicular to the vessel cross section. The new technique described by Adamson et al. (5) provides the first available data on the distribution of the tracer in a cross-sectional plane, the rate of tracer diffusion into the tissue, and the concentration of the tracer at the capillary wall as it enters the tissue (cleft exit concentration). Correspondingly, the time-dependent models developed in this study, which are based on the known and postulated structures of the cleft and junction strand, will describe diffusion of small solutes from the cleft exit into the surrounding tissue and the subsequent temporal evolution of these profiles in the tissue space. Comparing these theoretically predicted concentration profiles with those measured experimentally by Adamson et al., we can evaluate the proposal, first developed by Fu et al. (14) , that a second small-pore system in parallel with the larger, less-frequent 150.nm discontinuities is required to account for the diffusive permeability of solutes of < 1-nm radius. Figure 1 shows the cross-sectional and side views of the junctional leakage sites in a simplified model of our confocal-microscopic experiments. A single frog mesenteric capillary of -lo-pm radius is perfused with sodium fluorescein. The fluorescent tracers diffuse through the vessel wall into the surrounding tissue space through the large-and small-pore junctional leakage sites described by Fu et al. (14) and illustrated in Fig. 1 . The dimensions of the large breaks (150 nm) and their spacing (2,640 nm) are representative of the measurements of frog mesentery microvessels of Adamson and Michel (6). The principal objective of the model is to provide a link between the tracer experiments carried out on the length scale of the electron-microscopic observations of the junction strand wakes (see Fig. 3 , region A) and the length scale of the tissue space observed in the confocal-microscopic experiments (see Fig. 3 , region C). The transport in regions A and C is coupled by a complicated intermediate region B, where there is a time-varying spatially nonuniform cleft exit flux.
Using the idealized geometric model for the cleft described by Fu et al. (14) , we represent the breaks observed by Adamson and Michel(6) as orifice openings of dimensions 2d x 2b in a zero-thickness barrier (Fig.  2) . The spacing between orifices is 20, and these openings are periodically arranged in the plane of the junction strand. We first consider the basic model for the large-junction strand breaks without the small-slit pores. In this basic model, the junction barrier is impermeable except for the junction orifice. The height 2b of the large-orifice breaks is equal to the gap height 2B of the wide portion of the cleft, as observed by Adamson and Michel. A fiber layer of thickness Lf is assumed to exist at the luminal front and extend into the entrance region of the cleft, as described by Fu et al ( Fig. 2A ). This basic model will then be modified to include a small continuous slit (pore) in the junction strand (Fig. 2B) . The dimensions of the small pore, a 1.5nm slit, are taken from the results of Fu et al., where a slit height (2b,) of 1.5 nm provides an optimal fit for small-ion permeability. LB, the thickness of the junction barrier, is neglected in the basic orifice model for the large pore, but this thickness will be considered in determining the resistance of the small slit. L1 and L3 are the depths of the cleft on each side of the junction strand; L is the total cleft depth. Figure 3 is a top view of the concentration profiles that one would observe at some instant in time in the midplane of a cleft and its continuation into the tissue space if one were to traverse the length of the cleft along the plane z = 0. The z = 0 plane is illustrated in side view in Fig. 1B . The three regions depicted in Fig. 3 reveal an inner-length scale L (region A, 0.4 pm), which characterizes the development of the detailed concentration profiles on the abluminal side of the junction strand in the cleft proper, an intermediate-length scale (region B, 2-5 km), which characterizes the mixing of the wakes from the individual junction strand discontinuities in the tissue space surrounding the cleft exit, and a far field (region C, 200 pm), where these wakes have merged and the tissue transport satisfies one-dimensional timedependent diffusion from an integrated source, the total strength of which varies with time.
Conceptual Model
The inner cleft region A is described by the same idealized geometric model for the junction strand and the fiber matrix introduced by Fu et al. (14) to predict the hydraulic conductivity and the solute permeability of frog mesenteric capillaries (see Fig. 2 ). The boundary value problem for the present model on this innerlength scale differs fundamentally from that described by Fu et al., in that the concentration at the cleft exit does not vanish but is an unknown temporally and spatially varying function, C&y, t). The Peclet number for the low-molecular-weight sodium fluorescein and lanthanum tracers used in our experiments is < 0.2 for all experimental conditions. Therefore we need to consider only pure diffusion for the fluorescent or the lanthanum tracer. show large variations in (x at early times, t < < 1 s, but then ~1 approaches an asymptotic constant that is a function of the gap height 2B and the diffusion coefficient ratio, Dti/D,, for the diffusivity of the extravascular tissue compared with the cleft. The integral of Eq. 2 along x = L, the cleft exit plane, provides the timevarying source strength for the far field. After a complicated matching procedure [see Procedure for coupling solutions in the cleft and the tissue: solution of integral equation for Q(t)], one is able to reduce the overall boundary value problem to an integral equation for the unknown concentration Ca(t), the inner matching condition for the far field, and the effective wall concentration in our experiments.
Once CJt) is determined, the concentration field in regions A, B, and C can be evaluated from the individual solutions in each region.
Mathematical
Formulation Near-field region A: quasi-steady model for the wake of the junction strand. BASIC ORIFICE MODEL.
For the near-field cleft region A, we consider first the basic orifice model with matrix components filling a portion of the wide part of the cleft ( Fig. 2A) . The characteristic time for filling this inner cleft region A of length scale L = 0.4 pm is only 3 x 10S4 s, as calculated in Conceptual ModeZ. Because this is very short compared with the time scale in the experiment, the requirement for neglecting the left-hand side of Eq. 1, a and b, is well satisfied. Furthermore the channel height 2B is e than the cleft depths L1, L3 on each side of the junction barrier, and the distance between the neighboring breaks 20. Therefore the concentration gradients in the x,ydirections in the wide part of the cleft will not vary significantly across the cleft height. In view of these two simplifications, the solute concentration in regions 1 and 3 ( Fig 
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The boundary gions 1 and 3 are conditions for solute transport in re-
where l.3 = DL3'/DL1' and Di" and DL3) are the effective solute diffusivities in regions 1 and 3, respectively. The determination of p is discussed below. The boundary condition in Eq. 4a indicates that the solute concentration of the perfusate in the lumen (CL) remains constant for the time course of the experiment, whereas boundary conditions in Eq. 4, c-e, require that the junction strand be impermeable except in the pore region -d < y < d for the basic orifice model. Boundary conditions in Eq. 4b are the periodicity and symmetry conditions. The matching condition in Eq. 4f, a restatement of Eq. 2, requires that the solute flux entering the tissue at the cleft exit be proportional to the instantaneous local difference between the concentration at the cleft exit and the concentration at the entrance to the far-field C,(t), where C,(t) is a quasi-steady, slowly increasing function of time determined by the coupled boundary value problem linking the three regions. The flux coefficient ((x) is determined from the solution for the intermediate region described in Intermediate-fieZd region B: deft exit jets. As noted earlier, the primary difference between the present boundary value problem in the inner region A and that described by Fu et al. (14) is that the matching condition in Eq. 4f was replaced by the much simpler boundary condition CL3j(L,y) = 0. This simplification allowed us to uncouple the boundary value problem for solute diffusing in the cleft from the boundary value problem for the filling of the extravascular tissue space. In Fu et al. (14), the unbounded fiber layer on the luminal surface described by Turner et al. (18) and Adamson and Clough (4) and the cleft-spanning fibers in the wide part of the cleft were combined and the entire matrix layer was treated as if it existed in the entrance region of the wide part of the cleft. The effective thickness of this combined fiber layer is given by Lf in Fig. 2A . Fu et al. showed that the measured hydraulic conductivity, L, = 2 x 10V7 cms-lcmHZO-l, for the frog mesentery capillary (2) can be achieved only if a sieving matrix occupies a small fraction of the wide part of the cleft. The model nredicts that. for the measured average orifice spacing 20 = 2,640 nm (6), the measured L, will be achieved if Lf is N 100 nm. The boundary value problem for filtration reported by Fu et al. does not suffer from the same limitation as the diffusive problem for small solutes, because the hydraulic resistance of the tissue space is small compared with the transendothelial resistance, and thus this prediction for Lf is believed to be accurate for the assumed cleft geometry. Following the approach introduced by Fu et al., we define an average effective diffusivity [DL1'] in region 1, which is an average of subregion Di effin the fiber layer and Di W in the fiber-free , ,
Here Di W is the restricted diffusivity given by Ganatos et 7 al. (15) for a sphere diffusing in a channel that is without a matrix but includes the hydraulic resistance of the plasmalemma boundaries. Di eff is given elsewhere (20). Di eff accounts for the effect of the hydraulic resistance and the steric hindrance of the fibers in the matrix entrance layer. The approximation in Eq. 5 allows us to reduce the boundary value problem for a cleft with a finite matrix entrance layer from a three-to a tworegion problem.
It is difficult to solve Eq. 3 subject to boundary conditions in Eq. 4, a-f, because the split boundary conditions in Eq. 4, c-e, at the junction barrier are of mixed type involving the concentration and its gradient. For mathematical simplicity, we assume periodically distributed junctional orifices and a functional form for the flux profile at the orifice opening, which is a modified form of the solution obtained by Fu et al. (14) for an isolated orifice in a junctional strand. This flux profile is given by dC;' aC;3j --axax P =&g x=L1 lyl<d @) where Y and the unknown coefficient q is determined by satisfying Eq. 4d in an integrated average sense over the orifice opening. This very useful approximation will be examined later and shown to be highly accurate. The solution of the boundary value problem defined by Eqs. 3 and 4, with matching condition in Eq. 4c given by Eq. 6, is, for region 1 c;" (t,x,y) = CL + A,(t)x
and for region 3 able boundary condition in Eq. 4e will be changed to
where (8) X bp C-&x) + f& exp (&x)1
In Eq. 12, L2, the depth of the junction strand in region 2 ( Fig. 2A) , cannot be neglected, because there is a significant diffusional resistance across the slit itself. CL2)(t,x) are the unknown concentration profiles at the (9) entrance and exit of the small-slit opening. It is assumed in Eq. 12 that the additional flux through the small slit along the junction strand is proportional to the concentration gradient across the thickness of the junction barrier from its luminal to abluminal sides. The proportionality coefficients cci) (i = 1, 3) are determined below using an approximate one-dimensional model (see Eq.
16)
The 15nm continuous narrow-slit pore is suggested by the goniometric tilting of transmission electron-
Ifasmallporeformed micrographic sections of fused junctional regions of frog by a continuous narrow slit of gap height Zb, of -1.5 nm mesentery capillaries described by Adamson and Michel is added to the basic orifice openings in the junction (6) and the th eoretical predictions for small-solute perstrand considered in BASIC ORIFICE MODEL, the impermemeability reported by Fu et al. (14) . Because the frac- A simplified model is developed for intermediate region B, the 2-to 5-pm region shown in Fig. 3 surrounding each 
where q, the source strength per unit length, varies with y and t. As discussed earlier (see Conceptual ModeZ), the characteristic diffusion time, Li/Dtiy for the intermediate region B in Fig. 3 is only -0.2 s. On this time scale, C,(t) is a slowly changing concentration (quasi-steady function of time) that can be approximated as a constant in the solution of Eqs. 22 and 23, a-c. This solution for the concentration distribution in the intermediate region B is obtained by a similarity method, which is described in APPENDIX B. The result, Eq. B4, is
where Ei is an exponential integral defined in APPENDIX B. Because Li/Dti is -0.2 s and the shortest times in our electron-and confocal-microscopic experiments are a For B = 10 nm, Dti -10m6 cm2/s, t > 0.2 S, exp(B2/4Dtit) = 1, and B2/(4Dtit) -=x 1. Thus the exponential integral in Eq. 25 has the asymptotic form
Therefore, for large t, Eq. 25 can be written as
T ti Cti(t,B) in Eq. 26 is equal to CL3'(t,L,y) in Eq. 4f. Equation 26 can therefore be rewritten as
However, q can also be expressed in terms of the concentration gradient inside the cleft at the exit plane qe, y> = _ 2BD;3' !!$ (2%) x=L From Eq. 4f, Eq. 27b can be written as
Comparing Eqs. 27a and 28, ~1 is obtained as
C In --0.5772 B2 Note that (x is a function of time, but we show in CZeft exit coefficient a that for times of interest in our experiment a is nearly constant.
Far-field region C: time-dependent modeZ for tissue space. As discussed in Conceptual ModeZ, the estimated time for the filling of the outer region C in Fig. 3 
C4 is (30)
Here Cti = Cti(t,x,i) is the concentration distribution in the tissue space, Dti is the solute diffusivity in the tissue, and xti is the coordinate in the tissue space in the x-direction shown in Fig. 3 . The origin of the far-field coordinate Xti is located at a position that is -5 pm from the cleft exit, which on the length scale of the intermediate region B describing the spread of the exit jets at the cleft exit, is 00. 
The relationship between the total flux f&t> and f&(t) is 02 in APPENDIXD .
In Eq. 33, NC is the number of clefts on the half-surface of the vessel (Fig. l) , 2B is the width of the cleft, and H is the height of the tissue layer. Procedure for coupling solutions in the cleft and the tissue: solution of integral equation for Q(t). The concentration at the entrance to the far field in region C, Cti(t,O)y is equal to C,(t) in Eqs. 4f and 18. TO determine C,(t), we need to develop and solve an integral equation that couples the time-varying flux through the clefts Cleft and fiber layer geometry. Figure 1 shows the idealized model geometry for an individually perfused frog mesentery microvessel. The average measured thickness of the tissue layer is taken to be 25 pm (5), and the characteristic length in the x-direction, over which measurements are performed, is -200 km (5). The average number of the clefts on the half-surface of the vessel is 3.5 (5).
The values of the parameters used to describe the cleft geometry in Fig. 2 In our model, we neglect this initial rapid transient behavior and assume a constant for cy given by its asymptotic value at 60 s. This estimated asymptotic value of ~1 will be determined in Fig. 6A by curve fitting the measured data for C,(t).
Solute properties. Two low-molecular-weight tracers, sodium fluorescein (mol wt = 367) and lanthanum nitrate (mol wt = 325), are used in our experiments.
The effective hydrodynamic radius of fluorescein is 0.45 nm (17), and its f ree diffusivity in the 25°C aqueous solution is 0.54 x 10V5 cm2/s on the basis of Stokes-Einstein theory (10). The radius of La3+ is -0.2 nm, and its free diffusivity is 1.1 x 10m5 cm2/s according to StokesEinstein theory.
RESULTS

Results for Sodium Fluorescein Tracer
Concentration profile at the junction orifice. For mathematical convenience, we introduced a simplifying assumption in Eq. 6 for the solute flux profile at the periodically distributed large-pore orifices. We assumed that, except for a scaling constant q, this profile was well approximated by the flux profile for an isolated orifice. The continuity of the concentrations on the upstream and the downstream side of the junction orifice in the original boundary condition (Eq. 4d) was satisfied only in an average sense over the orifice width. In Fig. 5 , we examine the accuracy of this assumption by comparing the concentration distributions just above and below the orifice opening for three locations of the junction barrier, L1 = 100,200, and 300 nm. For all three locations, the concentrations on the upstream and the downstream side of the orifice are almost constant and identical along the entire orifice width, except for a narrow region of -5 nm near the orifice edge. This provides a strong justification as to the suitability of the assumed form of the solute flux profile at the junction orifice in Eq. 6.
Rise in tissue concentration and total flux at the vessel wall. The average concentration at the vessel wall C,(t) (Eq. 41), whi c h is also the concentration at the origin (Fig. 4) . The contribution to the total concentration from the infrequent large-pore orifice is less than one-half of the total contribution for the entire time course of the experiment for all three values of cx or Dti/D,. The combined two-pore model, which has 150-nmwide large pores and a 1.5.nm continuous narrow slit, provides the best agreement with the experimental measurements of C,(t) for all times when a = 0.011 and Dti/D, = 0.3. We also examined the effect of the junction strand position, L1, on C,(t) and found that there was almost no difference in the predicted CJt) curves for L 1 = 100,200, and 250 nm.
In Fig. 6B , we have plotted i&t) into the tissue space from the large-and small-pore systems. Figure 6B reveals that the flux from the basic large orifice decreases slowly with time as Ca(t) increases. The solute flux through the large pore decreases by -25% over the first 100 s. In contrast, the flux through the small-slit pore decreases rapidly during the first 20 s and at 100 s is a factor of 2.5 less than its initial value. This indicates that the wake concentration profiles within the cleft change substantially over the first 20 s and that the cleft exit concentration profiles change significantly during this time interval. two-pore model predicts cleft exit concentration profiles that are nearly uniform along the length of the cleft exit, the level of which is nearly independent of the location of the junction strand within the cleft. Numerical results not shown indicate that the average value of C(L,y,t) along the length of the cleft exit is slightly higher than C,(t). These predictions assume that the small 1.5nm slit pore is uniformly distributed along the entire length of the junction strand.
DISCUSSION
Time-dependent profiles in the surrounding tissue.
1.2
The predictions of the two-pore model (Eq. 39) for the time-dependent concentration profiles in the tissue space accurate prediction for the spread of the solute confirms that the predicted value for Dti obtained from our 0.0 estimated value of (x in Fig. 6A is reliable.
Although the importance of extracellular accumulation of solute as a factor leading to the underestimate of measured solute permeability coefficients in the capillary wall has long been recognized, the importance of the time-dependent filling of the extravascular space has not been considered in the interpretation of electronmicroscopic studies of cleft structure with use of lowmolecular-weight tracers. The interpretation of these studies has been based on the assumption that the presence or absence of tracer deposits indicated the local conductivity of the junctional strand to the test solute in an all-or-none mode and neglected the compounding effects of changing tracer concentration in the tissue, 1   200  400  600  800  1000  1200  1400  1600 Results for Lanthanum Tracers Concentration distribution along the cleft exit. Figure  8 shows the predicted concentration distribution of lanthanum tracer along the length of the cleft exit for t= 5, 10, 20, and 60 s for the large break and the combined large-and small-pore models for L1 = 100 and 250 nm. A comparison of the curves for L1 = 100 and 250 nm shows that if only the large pore is present, the location of the junction strand within the cleft has a significant effect on the shape of the cleft exit profiles, especially at early times. As one might anticipate when the junction strand is located closer to the tissue side of the cleft, there is a narrow region, bl < 200 nm, where the cleft exit concentration is locally elevated in the 
vicinity of the large pore for all times. When L1 = 100 0   200  400  600  800  1000  1200  1400  1600 nm, the two-dimensional spread of tracer within the cleft is much broader and the elevation in concentration Y Mm)
at the cleft exit opposite the leakage site is much more which was assumed to be low and time invariant. The underlying premise in these investigations was that the tissue space can be treated as an infinite reservoir of relatively low resistance.
The recently published timedependent confocal-microscopic images in a plane perpendicular to the axes of individually perfused frog mesentery microvessels in which sodium fluorescein was used as a tracer (5) and the theoretical predictions reported in this study critically challenge this premise. Tracer wall concentrations on the tissue side of the microvessel wall > 50% of the lumen concentration are predicted after 1 min of perfusion, and a particularly rapid rise in cleft exit concentration is found during the first 20 s of labeling. These results are similar to those measured using confocal microscopy.
If anything, the measured extravascular concentration is a lower bound, because the excluded volume for the tracer concentration is not considered in the confocal-microscopic measurements. The important implications of these results are discussed below.
Fu et al. (14) developed a three-dimensional junction orifice-fiber entrance layer model to predict the large body of data for the hydraulic conductivity, solute permeability, and selectivity of single perfused frog mesentery microvessels.
The results of this model suggested that, to account for small-ion permeability and the permeability of solutes of < 1.5 nm diameter, a population of small pores is required to exist in parallel with the infrequent large 150-nm breaks observed in the serial-section studies of Adamson and Michel (6) . An optimum fit of the permeability data could be achieved for a continuous 1.5-nm slit or frequently spaced 1.5-nmradius circular pore. If these small pores are present, the predictions of the model in Fu et al. suggest that water and small solutes will follow different pathways, because about two-thirds of the total solute flux for <0.5-nmradius small solutes is through the small pores, but only one-quarter of the total water flux crosses through these small-pore pathways.
The primary pathway for water is the large 150-nm large-orifice breaks. The present model, which takes into account the time-dependent filling of the tissue space, further supports this concept and indicates the types of new physiological experiments that are necessary to systematically test this hypothesis.
As observed in Fig. 6A , the large 150-nm breaks in the junctional strand by themselves underpredicted by at least a factor of 2 the measured rise in extravascular concentration at the vessel wall. Furthermore this prediction is insensitive to the precise value of Dti/D, used in the model. Figure 6A shows that the large-pore breaks by themselves do not explain the rapid filling of the extracellular space for all values of Dti/D, in the physiological range 0.1-0.4. If our predictions as to the size of the small-pore pathway are correct, these pores will make only a small contribution to L,. Hydraulic resistance is proportional to the third power of the channel height. Thus a narrow slit of 1.5-nm gap height will have a resistance per unit depth that is 2,300 times that of the wide part of the cleft, and most of the water will be shunted through the low-resistance large-pore pathway. This does not happen for small solutes, because the diffusion resistance is proportional to the relative area of the small and large pores, and these are of the same order.
The cleft exit concentration profiles in Fig. 8 provide new information for interpreting the results of labeled tracer studies with use of low-molecular-weight solutes. In contrast to the confocal-microscopic measurements, which provide an integrated average tissue concentration at the vessel wall, the interendothelial cleft profiles depend on the instantaneous local concentration at the cleft exit. If this tracer concentration exceeds the threshold for detection in the electron microscope, then the cleft should label along its entire depth. Figure 8 shows a characteristically different cleft exit profile for a junction strand with only large discontinuous breaks compared with a two-pore model, in which there is significant leakage along the entire length of the junction strand in addition to the large breaks. In the former case, one should observe localized wakes around the large breaks for short labeling periods ( < 20 s), the widths of which depend primarily on the location (depth) of the break within the cleft. For the two-pore model, the cleft exit concentration increases nearly uniformly with time, and the wake of the large break would be difficult to distinguish from the background if the continuous small-slit pore is permeable along its entire length. The two-pore model should therefore exhibit an all-or-nothing behavior in which all sections would appear to simultaneously label to the cleft exit as soon as the cleft exit concentration exceeds some threshold value for tracer detection.
These considerations directly apply to studies that are being carried out with low-molecular-weight electrondense tracers. For example, Adamson and Michel (6) observed the penetration of lanthanum beyond the junction strand lo-15 s after tracer was introduced and concluded that -6% of the cleft length was labeled to the margins of the cleft exit profiles shown in the lower portions of Fig. 8 , where the predictions for a single-pore system with large breaks are illustrated.
However, earlier experiments by Clough and Michel (7) dense deposit appears to occur only when its local concentration exceeds some threshold concentration. These observations point to the need for new information about the factors determining this threshold. Another factor that might affect the labeling pattern of the wake on the tissue side of the junction strand is the effective size of the lanthanum ions. An effective radius for lanthanum of 0.9 nm has been reported after hydration in aqueous solution. This is more than four times the nonhydrated value (0.2 nm) used in the calculations in this study. If the hydrated value were used, we predict that the lanthanum would less easily penetrate the small-pore population. Thus studies using probes with a range of sizes may be needed to appropriately interpret the time-dependent tracer changes in terms of the ultrastructure of the junctional strand between adjacent endothelial cells. An extension of the approach to intermediate-sized
solutes and macromolecules may also provide new ways to investigate transcapillary pathways for these solutes.
The present model also provides improvement in the methods to estimate permeability coefficients and tissue diffusion coefficients.
It should be possible to devise a method to measure solute permeability coefficients taking into account the time-averaged concentration difference across the microvessel wall, which is significantly less than the instantaneous time-varying concentration observed in the confocal-microscopic experiments of Adamson et al. (5) . This problem has limited the applicaa(Z)(t) = the free diffusion coefficient but is difficult to measure by traditional methods because of its thin two-dimensional geometry. If the geometry of the tissue layer is known, the time-dependent increase in extravascular vessel wall concentration [C,(t) ] provides a means of determining Dti if the time-dependent source strength can be predicted by the theoretical model. The only unknown in the model is Dti/D,, which, as shown in Fig.  6A , can be determined by requiring an optimal fit of the measured data for C,(t). The ability of the predicted value of Dti to predict the slope of the concentration profiles in the tissue, as shown in Fig. 7 , provides an independent check on the accuracy of the predicted value for Dti and the internal consistency of the wall-totissue transport model described here.
APPENDIX A
For region 1, the expressions for the coefficients in Eq. 13 are (p(t) = b(l)(t) = c L for region 2, they are CL -C,(t) -C,(t>l tion of optical methods to measure small-ion and solute permeability coefficients. These were measured previously in our laboratory with use of an osmotic transient method to estimate the transcapillary concentration difference (9). We are currently trying to develop a simpler version of the present theoretical model to account for the apparent change in permeability with time that results from the decreasing transvascular driving force for the solute. In this model, the line source at the cleft exit is integrated in the y-direction and converted to an equivalent uniform line source. The accuracy of this simpler model will then be treated by comparison with the more sophisticated model developed in this study.
The theoretical model has also provided a novel new approach for predicting tissue diffusivity for fluorescent solutes. Frog mesentery has a large collagen content, and thus the solute diffusivity is significantly less than and for region 3, they are 
. l where r = 0.5772,... is Euler's constant.
APPENDIX C
Here we summarize the analytic solution of Eq. 30 subject to boundary and initial conditions Eq. 31, a-c, for the concentration distribution in the far-field Cti(t,xti 
